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ABSTRACT
The iodine-initiated hydration of internal alkynes is a novel, green, and inexpensive
synthetic pathway in comparison with the commonly used transition metal catalyzed
reactions. This can be a useful alternative in many fields, academic or industrial. This
experimental design has been used successfully on terminal alkynes and is now being
extended to internal alkynes. Through systematic probing of the reaction conditions, we
have gleaned sufficient information to determine a strong mechanistic hypothesis based on
neighboring group participation. Here in, we will report our result with a series of internal,
keto alkynes reacted under ambient conditions with iodine in “wet” solvent. Preliminary
data have revealed that acetonitrile is the best solvent for this reaction.
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I.

Introduction
Traditionally, the hydration of internal alkynes is performed via the Kucherov

reaction (Scheme 1). This reaction, originally published in 1881, requires the use of
highly toxic mercury(II) salts in catalytic quantities.1,2 Innumerable studies have shown
that mercury-based compounds are extremely harmful to environmental and biological
systems.3
O

Hg2+, H2O
1

2

Scheme 1: General Kucherov reaction
In light of mercury’s toxicity, the synthetic community has been searching for
alternative methods that requires less poisonous materials. Success has been obtained
with salts of palladium(II), rhodium(III), copper(II), silver(I), and gold (I)/(III). 4,5,6 These
catalysts have provided good yield, and are significantly less potent than mercury.
However, the alternatives like gold, silver, and platinum tend to be very expensive, even
when used in catalytic amounts, and have their own environmental and health effects as
well.7,8 With an eye on developing industrial procedures, major concerns include proper
waste-management, cost, and the ecological impact of these catalysts. The iodinemediated approach investigated in the current project is a viable solution to these issues.
This procedure is transition-metal-free, and results in innocuous, aqueous-based
byproducts in the form of iodide and sulfate salts of sodium.
Previous work has probed the mechanism of the iodine-mediated hydration
reaction with terminal alkynes I (Scheme 2).9 The reaction is believed to commence with
the electrophilic addition of iodine (I2) across the triple bond followed by a 5-exo-dig

3

cyclization to form intermediate III, the anchimeric assistance by the keto group that is
key for the “hydration” of the triple bond unit. Subsequent addition of water and a series
of steps including ring-opening and tautomerization leads to the deiodination of VI to
form the final methyl ketone VIII. The existence of the α-iodo intermediate VI was
observed in situ with Nuclear Magnetic Resonance (NMR) experiments. Separate,
additional studies also confirmed that the reaction required the participation of the
neighboring keto-group to proceed.

Scheme 2: Mechanism for the iodine-mediated hydration reaction of terminal alkynes
These mechanistic studies focused on similar functional groups to the current
study, with a slightly expanded list (Scheme 3). The functional groups included esters
(4a, 4b and 4d), ketones (4c and 4e), a phosphonate (4g), a sulfone (4h), and an amide
(4f). The yields were highest for the methyl and ethyl esters, 4a and 4b. All of these
terminal alkynes were subjected to reaction conditions that consisted of 0.5 mmol of
alkyne, 10 mL of acetonitrile and 1.0 mmol, 2 equivalents, of I2. This procedure was not
sufficient to produce significant yields for 4c-e. Thus, certain factors were altered
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slightly in order to facilitate more product formation with these groups. The first
parameter that was changed was the reaction time, which was extended in order to allow
for further hydration in case of slower reaction kinetics. If this was still not sufficient, the
equivalence of I2 was increased from 2 to 3, and an extra 1 mL of deionized water was
added to the reaction mixture to augment hydration. The functional groups selected are
common in biological systems, and were thus important to focus on for the purposes of
this research.

Scheme 3: Terminal alkyne hydration
The work discussed herein probes the scope of the iodine-mediated hydration
with internal alkynes. Investigations included the optimization of the reaction conditions
and the initiation of studies to determine the functional group tolerance of the reaction.
The results for the terminal alkynes were used as a starting point for the current
investigation.
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II.

Results and Discussion
a. Synthesis of the internal alkyne substrates
The precursor alkynes were synthesized from commercially available keto

compounds 5 and the alkyne bromide 6 using a dianion approach facilitated by lithium
diisopropyl amide (LDA) (Scheme 4). The substrates were obtained with good to
moderate yields, 29% to 58%. To maintain their integrity, compounds 7a-f were stored
below 0 °C and warmed to room temperature prior to use.
The substrates 7 have a keto group four positions away from the alkyne,
analogous to the terminal alkynes (Scheme 3). This is due to the fact that the ketone is
necessary for the anchimeric assistance in the hydration of the alkyne. One of the
questions with the current project is to determine if the product would still be a result
from a 5-exo-dig cyclization (Scheme 5: III a) or a 6-endo-dig cyclization (Scheme 5: III
b). The 6-endo-dig process would be possible because of the ethyl moiety on the end of
alkyne 7 making both triple bond carbons equally substituted. Furthermore, 5-exo-dig
and 6-endo-dig cyclizations are allowed by Baldwin’s rules.10
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Scheme 4: Synthesis of internal alkyne substrates

Scheme 5: Proposed outcome with internal alkynes
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b. Optimization of the iodine-mediated hydration with internal alkynes
Investigations for optimizing the reaction conditions for the iodine-mediated
hydration of internal alkynes explored solvents of varying polarity with alkyne 7b
(Scheme 6). These included acetonitrile, toluene, ethanol, isopropanol, tetrahydrofuran
(THF), and co-solvent mixtures of acetonitrile-ethanol and toluene-water, both 1 : 1, v :
v. The ethyl ester 7b was the substrate in these trials. The volume of solvent was
maintained at 10 mL with 0.5 mmol of reactant and 2 equivalents of iodine (I2). Out of
all of the solvent systems, only acetonitrile produced any detectable amount of product.
The other solvents primarily yielded starting material as well as messy side reactions.
This is likely due to poor solvation of iodine, and that there was insufficient reaction
time. Because of the success of the acetonitrile reaction, and the generation of the
product 8 as the only open chain product, it was determined the 5-exo-dig cyclization
(Scheme 5: III a) was maintained. Product resulting from a 6-endo-dig cyclization was
never observed. It is possible that the polar portion of acetonitrile facilitates stability of
the intermediate long enough for the cyclization to occur, as well as being nonpolar
enough to dissolve both components. The acetonitrile reaction produced the hydrated
product 8b in ~85% yield and the furan 9b, 8b to 9b ratio of 4:1.

Scheme 6: Iodine-mediated hydration of 7b
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Table 1: Optimization of the iodine-mediate hydration with 7b
Entry
1
2
3
4
5
6

Solvent
MeCN
MeCN/EtOH
(1 : 1)
Toluene
Toluene/H₂O
(1 : 1)
Isopropanol
THF

Hours
1.5

Ratio
8b : 9b
4:1

% Yield
85

2.0
2.0

0:0
0:0

-

1.8
2.0
1.8

0:0
0:0
0:0

-

Additional investigations were pursued in order to determine (a) the effects of
other substituents on the hydration process with the internal alkynes and (b) whether or
not the reaction conditions for these new substrates are consistent with those for the
terminal triple bonds in Scheme 3.9
The methyl and ethyl esters (7a-b) reacted with high efficiency (Schemes 6 & 7),
as expected by the results of the solvent trials and data from the terminal alkyne project
(Scheme 3). Notably, the yields for 7a-b are ~20% higher than that for 4a-b. The data
from the acetonitrile run of the solvent trials was used for the yield of 7b (Table 1). The
production of the furan 9b showed that the process is not entirely selective for the ketone,
but both products do suggest the 5-exo-dig cyclization, regardless of whether or not the
alkyne was hydrated. The methyl ester substrate 7a was run in identical reaction
conditions in order to confirm that the two group were similar enough to not produce
significantly different amounts of hydrated ketone. Interestingly, there was no furan
detected in the reaction with 7a, and suggests that maybe there was another factor
affecting the amount of hydrated product formed.
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Scheme 7: Iodine-mediated hydration of 7a
The reaction involving the phenyl ketone group 7d proved to be slightly more
challenging to optimize (Scheme 8). By utilizing the information gained from the
terminal alkyne studies, the reaction conditions were modified to obtain an appreciable
yield. The reactions were run for longer than the standard 1.5 hours, had 1.5 mmol of I 2
(3 eq), and had an extra 1 mL of water added to the reaction mixture at the beginning in
order to ensure sufficient water for hydration. The first attempt was run for 24 hours and
only returned starting material and evidence of a messy side reactions. There were no
detectable amounts of the hydrated product or furan. The second attempt, run for 53
hours, yielded a significant amount of ketone as the only product in a 26% yield, along
with some remaining starting material.

Scheme 8: Iodine-mediated hydration of 7d
The reaction of the tert-butyl ester 7c explored a number of variations in the
reaction conditions (Scheme 9). The initial attempt with 2 equivalents of iodine yielded
messy side reactions and starting material. The second attempt included adding an extra
1mL of water and allowing the reaction to run for 120hr. When spectra of this reaction
mixture was taken, it appeared that the material had degraded over this extended reaction
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period, yielding little starting material in addition with no evidence of the desire product.
Thus, another trial was done with a 24-hour time span and additional 1 mL of water that
resulted in mostly starting material, as well as some excess side reactions. Studies with
the t-butyl ester 7c are on-going.

Scheme 9: Iodine-mediated hydration of 7c

Table 2: Trials to explore the outcome of different functional groups

Entry
1
2
3
4
5
6
7

III.

Substrate
7a
7b
7c
7c
7c
7d
7d

R
CO₂Me
CO₂Et
CO₂tBu
CO₂tBu
CO₂tBu
COPh
COPh

I₂ Eq
2
2
2
2
2
3
3

Added
H₂O
N/A
N/A
N/A
1 mL
1 mL
1 mL
1 mL

Hours
1.5
1
1.5
120
24
24
53

8:9
1:0
4:1
0:0
0:0
0:0
0:0
1:0

%
Yield
80
85
26

Conclusion and Future Work
The iodine-initiated hydration of internal alkynes has been introduced and

methodically carried out in order to find the ideal reaction conditions required to produce
the maximum yield. Variations in solvent, and functional group moieties have been
probed to determine the scope of the reaction. Acetonitrile is the most suitable solvent,
likely due to good solvation of the I2 and alkyne, and perhaps some sort of stabilization
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provided for the charged intermediates in the hydration. Studies thus far have shown that
anchimeric assistance by the neighboring keto group occurs exclusively via the 5-exo-dig
cyclization. Products suggesting a 6-endo-dig pathway product were not obtained. With
the simplicity of the reaction conditions, being at room temperature, ambient pressure,
and being highly efficient, this reaction would be an efficient alternative to metalcatalyzed processes. Further studies will be carried out to optimize the outcomes with the
tert-butyl ester 7c and the phenyl ketone 7d. Additionally, other functional groups such
as amides, phosphonates and sulfones substrates will be explored with the internal
alkynes.
IV.

Experimental Section
a) General
The solvents that were used for reaction in Schemes 5-8 and the chromatography

were all obtained and used as is from commercial sources. The solvents used in the
production of the alkyne in Scheme 4 were obtained from a MBraun Manual Solvent
Purification System prior to use. Chromatography was performed with Selecto Scientific
Si-gel (particle size 100 – 200 μm). NMR spectra were recorded on a Agilent
MR400DD2 spectrometer, with a multinuclear probe with two RF channels and variable
temperature capability (1H-NMR: 400 MHz , 13C-NMR: 100 MHz). The solvent used
was CDCl3, and the data readout is in ppm.
b) General Procedure for the Synthesis of 7a-d
Representative Procedure
Ethyl 3-oxonon-6-ynoate (7b)
An oven-dried round bottom flask equipped with a stir bar and nitrogen-inlet was
charged with freshly distilled diisopropylamine (4.8 mL, 34.5 mmol) in dry THF (50
mL). The solution was cooled with an ice-water bath (0 °C) and treated with a drop-wise
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addition of n-butyllithium (2.5M hexanes solution, 12.6 mL, 31.5 mmol). After 30
minutes, the resulting transparent, yellow solution was cooled with an ice-salt-water bath
(-15 °C) and ethyl 3-oxobutanoate (1.8 mL, 15.0 mmol) (5b) was added drop-wise. The
resulting solution was an intense orange-brown color. After 45 minutes, the reaction
mixture was treated with a drop-wise addition of 1-bromopent-2-yne (2.2 mL, 15.1
mmol) (6). The reaction was stirred overnight and allowed to warm to room temperature.
The reaction was quenched with an aqueous solution of saturated ammonium chloride (10
mL) and extracted twice with ethyl acetate (60 mL). The combined organic extract was
washed once with deionized (DI) water (10 mL) followed by brine (10 mL) and, dried
with sodium sulfate. The dried organic extract was concentrated under vacuum and the
crude orange product was purified by Flash Column Chromatography (20% ethyl acetate
in hexanes) to provide 7b, yellow oil, (52%).
c) General Procedure for the Iodine-Initiated Hydration: Synthesis of
8a-d
Representative Procedure
Ethyl 3,6-dioxononanoate (8-9b)
A vial equipped with a stir bar was charged with 7b (98 mg, 0.5 mmol) dissolved
in acetonitrile (10 mL) followed by the addition of iodine (254 mg, 1.0 mmol). The
reaction was stirred under ambient atmosphere at room temperature and monitored by
TLC. Upon completion, after 1.5 hours, the reaction was quenched with concentrated
aqueous sodium sulfite (5 mL) with vigorous stirring for thirty minutes. The resulting
yellow suspension was extracted three times with ethyl acetate (10 mL). The combined
ethyl acetate extract was washed with DI water (10 mL) followed by brine (10 mL) and,
dried with sodium sulfate. The dried organic extract was concentrated under vacuum and
the crude product was purified by Flash Column Chromatography (10% ethyl acetate in
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hexanes followed by 15% ethyl acetate in hexanes) to provide a mixture of 8b and 9b as
a pale-yellow oil (91 mg, 85%, ratio 4:1).
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Appendix A. 1H-NMR Spectra
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Spectrum 1: 7b Starting material ethyl ester
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